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We have performed light-scattering measurements in dilute and semidilute polymer solutions 
of polystyrene in toluene when subjected to stationary temperature gradients. Five solutions with 
concentrations below and one solution with a concentration above the overlap concentration were 
investigated. The experiments confirm the presence of long-range nonequilibrium concentration 
fluctuations which are proportional to (VT')'^/fc*, where VT is the applied temperature gradient 
and k is the wave number of the fluctuations. In addition, we demonstrate that the strength of the 
nonequilibrium concentration fluctuations, observed in the dilute and semidilute solution regime, 
agrees with theoretical values calculated from fluctuating hydrodynamics. Further theoretical and 
experimental work will be needed to understand nonequilibrium fluctuations in polymer solutions 
at higher concentrations. 
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I. INTRODUCTION 



Density and concentration fluctuations in fluids and 
fluid mixtures can be investigated experimentally by 
light-scattering techniques. The nature of these fluc- 
tuations when the sistem is in equilibrium is a sub- 
ject well understoodld'cl. Here we shall consider fluctu- 
ations in nonequilibrium steady states (NESS), when an 
external and constant temperature gradient is applied, 
while the system remains in a hydrodynamically qui- 
escent state. That is, we shall deal with fluctuations 
that are intrinsically present in thermal nonequilibrium 
states in the absence of any convective instabilities. Such 
fluctuations have, received considerable attention during 
the past decadeB. It was originally believed that, be- 
cause of the existence of local equilibrium in NESS, the 
time correlation function of the scattered-light intensity 
would be the same as in equilibrium, but in terms of spa- 
tially varying thermodynamic and transport properties 
corresponding to the local value of temperature. How- 
ever, it has been demonstrated that qualitative differ- 
ences do appear. The first complete expression for the 
spectrum of the nonequilibrium fluctuations in a one- 
component fluid subjected to |a stationary gradient was 
obtained by Kirkpatrick et alJj by using mode-coupling 
theory. They showed that the central Rayleigh line of 
the spectrum would be substantially modified as a re- 
sult of the presence of a temperature gradient. Because 
of a coupling between the temperature fiuctuations and 



the transverse- velocity fluctuations through the temper- 
ature gradient, spatially long-range nonequilibrium tem- 
perature and viscous fluctuations appear, modifying the 
Rayleigh spectrum of the scattered-light intensity. Their 
results were subsequentlj|:, confirmed on the basis of fiuc- 
tuating hydrodynamicsBo. The effect is largest for the 
transverse-velocity fluctuations in the direction of the 
temperature gradient which corresponds to the situa- 
tion that the scattering wave vector, k, is perpendicu- 
lar to the temperature gradient VT, which configuration 
will be assumed throughout the present paper. In that 
case, the strengths of the nonequilibrium temperature 
and viscous fluctuations are predicted to be proportional 
to (VT)^//c^. The dependence on fc~^ implies that, in 
real space, the noiLmuilibrium correlation functions be- 
come long rangedolZI. The spatially long-range nature 
of the correlation functions in NESS is nowadays under- 
stood as a general phenomenon arising, from the violation 
of the principle of detailed balanccffl. Experimentally, 
the long-range nature of the nonequilibrium fiuctuations 
can be probed by light-scattering measurements at small 
wave numbers k, i.e. at small scattering angles 9. Such 
experiments have been performed in one-component liq- 
uids and excellent agreenaeai between theory and exper- 
iments has been obtainedElllj. 

In binary systems, the situation is a little more com- 
plicated. In liquid mixtures or in polymer solutions a 
temperature gradient will induce a concentration gra- 
dient through the Soret effect. This induced concen- 
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tration gradient is parallel to the temperature gradi- 
ent and has the same or opposite direction depending 
on the sign of the Soret coefficient, St- In this case, 
noncquilibrium fluctuations appear, not only because of 
a coupling between the temperature fluctuations and the 
transverse- velocity fluctuations through the temperature 
gradient, but also because of a coupling between the con- 
centration fluctuations and the transverse- velocity fluctu- 
ations through the induced concentration gradient. The 
nonequilibrium Rayleigh-scattering spectrum has been 
calculated for binary liqwd mixtures, both on the basis 
of mode-couplina thcoryO and on the basis of fluctuating 
hydrodynamicsli3, with identical results. In liquid mix- 
tures in thermal nonequilibrium states not only nonequi- 
librium temperature and nonequilibrium viscous fluctu- 
ations, but also nonequilibrium concentration fluctua- 
tions exist. The strengths of all three types of nonequi- 
librium fluctuations are again predicted to be propor- 
tionaJ-fp,(Vr)Vfc'*- The theory was extended by Segre 
et al.ll3'tj tfL include the effects of gravity and by Vailati 
and GiglioLj to include time-dependent nonequilibrium 
states. The nature of the nonequilibrium fluctuations 
in the vicinitii-aE-a convective instability has also been 
investigatedlijiijO, in which case the nonequilibrium 
modes become propagative. The influence of boundary 
conditions, which may become important when k is par- 
allel to VT, was considered by Pagonabarraga et al.ll3. 

Experiments have been performed to, study ., n nnequi- 
librium fluctuations in liquid mixturcalJll^SEil. The 
three types of nonequilibrium fluctuations have b een o h-, 
served in liquid mixtures of toluene and n-hexanell^lo'E2l 
and the strength of all three types of nonequilibrium 
fluctuations were indeed proportional to (VT)^/fc'*, as 
expected theoretically. Initially, it seemed that also 
the prefactors of the amplitudes of these nonequilib- 
rium fluctuations were in agreement with the theoretical 
predictionsE3. However, a definitive assessment was ham- 
pered by a lack of reliable experimental information on 
the Soret coefficienttjH. To our surprise, subsequent 
accurate measurements of the Soret coefficient of liq- 
uid mixtures of tokiftne and n-hexane obtained both by 
Kohler and MiillerE3 and by Zhang et alBj yielded val- 
ues for the Soret coefficient that were about 25% lower 
than the values needed to explain the quantitative mag- 
nitude of the-|amplitudes of the observed nonequilibrium 
fluctuationscj. Subsequent measurements of the nonequi- 
librium concentration fluctuations in a mixture of piiline 
and cyclohexane, obtained by Vailati and GiglioE^ did 
not have sufficient accuracy to resolve this issue. 

As an alternative approach, we decided to investigate 
nonequilibrium concentration fluctuations in a polymer 
solution. In a polymer solution the same nonequilibrium 
enhancement effects are expected to exist, but the mass- 
diffusion coefficient, £>, in this case is several orders of 
magnitude lower than in ordinary liquid mixtures. In 
addition, the Soret coefficient is two orders of magni- 
tude larser that the Soret coefficient of ordinary liquid 
mixture^J. These two facts, as discussed below, simplify 



the theory because, as also happens in an equilibrium 
polymer solution, the concentration fluctuations become 
dominant and they are readily observed by light scat- 
tering. Both the data acquisition and the data analysis 
become much easier in this case. Thus a polymer solution 
would seem to be an ideal system to further investigate 
nonequilibrium concentration fluctuations. 

For this purpose we have selected solutions of 
polystyrene in toluene, for which reliable information on 
the thermophysical properties is available. We have per- 
formed small-angle Rayleigh-scattering experiments in 
polystyrene-toluene solutions subjected to various exter- 
nally applied temperature gradients. A summary of owr 
results has been presented in a Physical Review LettcrEa. 
In the present paper we provide a full account of the ex- 
periment and of the analysis of the experimental data. 

II. THEORY 

A theory specifically developed for the fluctuations in 
polymer solutions in thermal nonequilibrium states is not 
yet available in the literature. However, for polymer so- 
lutions in the dilute and semidilute solution regime, as 
long as entanglement effects can be neglected, it should 
be possible to use the same fluctuating hydrodynamics 
equations as those for ordinary liquid mixtures. As men- 
tioned in the introduction, the complete expression for 
the Rayleigh spectrum of a binary liquid in the pres- 
ence of a stationary temoerature gradient was evaluated 
by Law and Nieuwoudtli3. The dynamic structure factor 
contains three diffusive modes. The decay rate X^, = vk^ 
of one of these modes is determined by the kinematic vis- 
cosity u\ this mode disappears in thermal equilibrium, i.e. 
when VT 0. The other two modes are also present in 
the Rayleigh spectrum of a liquid mixture in equilibrium 
and have the decay rates \± given by: 

A± - ^{Dt + 2?) T y [{Dt + Vf - ADtD] , (1) 

where Dt is the thermal diffusivity, D the binary mass- 
diffusion coefficient, in the case of a polymer solution 
to be referred to as collective diffusion coefficientcJ, and 
where 

V = D{\ + e) (2) 

with 

^^^[STMl^fd,\ 

cp,c yowjpj. 

In Eq. w is the concentration expressed as mass frac- 
tion of the polymer, cp^c the isobaric specific heat capac- 
ity of the solution at constant concentration, and ^ is 
the difference between the chemical potentials per unit 
mass of the solvent and the solute. As usual, the Soret 
coefficient, 5t, specifies the ratio between temperature 
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and concentration gradients and it is defined through the 
steady-state phenomenological equation: 



Vw = -St w (1 - w) VT. 



(4) 



The two modes with decay rates X± incorporate a 
couphng between temperature and concentration fluctua- 
tions. This couphng becomes impor|tant in compressible 
fluid mixtures near a critical locuscJ. However, when 
e ^ 1, the dynamic structure factor of a binary system 
in NESS consists of just three exponentials with decay 
rates given by: 



(5) 



Physically, it means that the temperature gradient VT 
induces nonequilibrium viscous fluctuations appearing as 
a new term in the Rayleigh spectrum and it leads to 
nonequilibrium enhancements of the temperature and 
concentration fluctuations. 

The condition e njC 1 is always fulflUed in the low- 
concentration limitu. But for some liquid mixtures e 
is also small at all concentrations. For instance, in an 
equimolar mixture of toluene and n-hexane Segre et al. 
found e « 0.028. For the dilute polymer solutions consid- 
ered in the present paper, e « 0.010. Hence, the approx- 
imations implying the presence of three diffusive modes 
with the simple decay rates given by Eq. (^) are even 
more justified for a polymer solutio n . th an for the liquid 
mixtures studied in previous papersliOo. 

Furthermore, in ordinary polymer solutions D/Dt ~ 
5 X 10~^; such a small value simplifies the analysis of the 
concentration fluctuations, because the decay in the time 
correlation function coming from the concentration mode 
(decay rate A_) will be well separated from the decays of 
the modes with decays rates A^ and A-)- . Actually, for the 
small angles employed in our experiments, the decay time 
of the A_ mode is typically 0.5-1.5 s, whereas the decay 
times of the other two modes are around 10^'* — 10^^ s. 
In addition, for a dilute polymer solution, the Rayleigh 
factor ratio, that determines the ratio of the scattering 
intensities of the conce|ntration fluctuations and the tem- 
perature fluctuationalj, is much larger than unity so that 
the contributions of temperature fluctuations are negligi- 
bly small in practice. Moreover, when the experimental 
correlograms are analyzed beginning at 10~^ s, viscous 
and temperature fluctuations have already decayed. This 
kind of approximation is usually assumed in the theory 
of ligljtt scattering from polymer solutions in equilibrium 
stateslil. 

In conclusion, for heterodyne light-scattering experi- 
ments in sufficiently dilute polymer solutions, the ex- 
pression for the time-dependent correlation function of 
the scattered light becomes: 



-Dk^t 



(6) 



where Co is the signal to local-oscillator background ra- 
tio representing the amplitude of the correlation function 
in thermal equilibrium. In Eq. (H) the term Ac(k, VT) 



represents the nonequilibrium enhancement of the con- 
centration fiuctuations. This term is anisotropic and de- 
pends on the scattering angle. When k _L VT, Ac reaches 
a maximum given by: 



(WTf 

fc4 



(7) 
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trength of the enhancement, A*(w), is given 



a:{w) 



vD \ dw 



l + 2-^(l-fC) 



(8) 



where C is a dimensionless correction term related to the 
ratio of [dn/ dT)p^yj and {dn / dw) p^t ■ As mentioned ear- 
lier for the polymer solutions to be considered, D/Dt is 
of the order of 5 x 10~^, so that the correction term inside 
the square brackets can be neglected in practice. Hence, 
the expression for Al{w) reduces to: 



Aliw) 



[w{l 



9/i 

dw 



(9) 



The dependence of the nonequilibrium enhancement 
Ac of the concentration fiuctuations on indicates that 
the correlations in real space are long ranged. Actually, a 
/c~^ dependence in Fourier space corresponds to a. linear 
increase of the correlation function in real spaceu. The 
rapid increase of the strength of the nonequilibrium fiuc- 
tuations with decreasing values of the wavenumber will 
saturate for sufficiently small k due to the presence p£ 
gravity. The gravity effect was predicted by Segre et al.t2l 
and has been confirmjDd by some beautiful experiments 
of Vailati and GiglioEl. 

Our set of working equations, Eqs. (j|), (j^) and (||), can 
be also deduced from the theory of Vailati and Giglio for 
nonequilitsium fiuctuations in time-dependent diffusion 
processeal3. In that paper only concentration and veloc- 
ity fluctuations are considered around a nonequilibrium 
time-dependent state. By applying an iiuierse Fourier 
transform to Eq. (25) of Vailati and Gilioll3, we obtain 
for the autocorrelation function of the concentration fluc- 
tuations for k _L Vw: 



{6wSw*) — S{k) exp 



-Dkh 



1 



Rc J 



(10) 



where R[k)/Rc is the Rayleigh-number ratio, which ac- 
counts for the effectSjOf gravity and is deflned in Eq. (22) 
of Vailati and GiglicO. S{k) is the static structure fac- 
tor, defined in Eq. (26) of the same paper. It should be 
noticed that, for consistency, in our Eq. (10) we have 
used the symbol w instead of the c used by Vailati and 
Giglio. Both symbols have the same meaning, as it is 
stated after Eq. (2) of Vailati and Giglio that: "c is the 
weight fraction of the denser component" . Thus Eq. (26) 
of Vailati and Giglio for the static structure factor S{k) 
can be written as: 
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The derivation of Vailati and Gieli was originally 
developed for time-dependent isothermal diffusion pro- 
cesses in the presence of gravity, where only concentra- 
tion gradients are present. The validity of this theory 
for stationary nonequilibrium states is obvious, and we 
can consider Vw to be constant, neglecting the weak de- 
pendence on space and time considered by Vailati and 
Giglidla. Neglecting gravity effects is equivalent to as- 
suming that the Rayleigh-number ratio is almost zero, 
R{k)/Rc ~ 0, as can be easily jSiiown from Eq. (22) in 
the paper of Vailati and GiglioEj. Introducing Eq. (^) 
into Eq. (|ll|) and neglecting i?(fc)/i?c, one readily veri- 
fies that Eqs. (|l^) and (|ll| ) are equivalent to Eqs. (0) 
and (^). 

We note that Eqs. (0) and can also be obtained 
as a limiting case of the equations derived by Schniitz for 
nonequilibpkim concentration fluctuations in a colloidal 
suspensioncD. Schmitz considered a colloidal suspension, 
in the presence of a constant gradient, V</>, in the volume 
fraction, (p, of the colloidal particles, maintained against 
diffusion by continuous pumping of solvent between two 
semipermeable and parallel walls. The relevant expres- 
sion is Eq. (7.7) in the article of SchmitzEII, which gives 
the dynamic structure factor, S{k,u!), of the nonequi- 
librium concentration fluctuations as a function of the 
wavenumber k and the frequency lo. The expression ob- 
tained by Schmitz includes non-local and memory effects 
due to the large particle sizes in comparison with the 
scattering wavelength. The non-local and memory ef- 
fects cause the transport coefficients to depend on the 
frequency and the wave number. In our case these ef- 
fects can be neglected, because the polymer molecules 
are much smaller that the colloidal particles considered 
by Schmitz and the condition kRg <^ 1, where i?g is the 
radius of gyration, is fulfilled. With this simplification 
the original expression obtained by Schmitz reduces to: 

S{k,u;)^S{k)[l + A^]-^^^^, (12) 

where Ac is given by: 

In deriving Eq. ( |l3|) we have used the relationship be- 
tween pumping rate and volume fraction gradient, _as 
given by Eqs. (7.6) and (7.11) in the paper of SchmitzcZl. 
We have also converted the various concentration units 
used by Schmitz: n which is the number of particles per 
unit volume (n = p/w nip) and c which is the number 
of particles per unit mass (c — w/rrip), p being the den- 
sity of the suspension and rup the mass of one particle. 
Furthermore, we are using the difference between solvent 



and solute chemical potentials per unit mass, whereas 
in the paper of Schmitz p is the difference in chemical 
potentials per particle. 

Although the theory of Schmitz for the nonequilib- 
rium concentration fluctuations was derived for the case 
that the concentration gradient is produced by a sol- 
vent flow, the results will be applicable to NESS under 
a constant temperature gradient. Since the solvent flow 
does not appear explicitly in Eq. (p^, we may also ap- 
ply the equation to a system subjected to a stationary 
volume-fraction gradient caused by other driving forces, 
such as a temperature gradient. For our polymer solu- 
tions (V(/)/0)^ K, {Vw/wY, the difference being less than 
0.5%. With this approximation and by using Eq. (jj), it 
is straightforward to show the equivalence of the theory 
for nonequilibrium concentration fluctuations in a col- 
loidal suspension and in a polymer solution, independent 
of whether the concentration gradient is established by 
solvent pumping or induced by a temperature gradient. 

III. EXPERIMENTAL METHOD 

The polystyrene used to prepare the polymer solutions 
was purchased from the Tosoh Corporation (Japan); it 
has a mass- averaged molecular weight Mw = 96, 400 
and a polydiapersivity of 1.01, as specified by the 
manufactureiEJ. The solvent toluene was Fisher certi- 
fied reagent purchased from Baker Chemical Co. with a 
stated purity of better than 99.8%, j_By using the cor- 
relation proposed by Noda et al.E30, (i?g) = 1.38 x 
10~^M^^^, the radius of gyration, i?g, and the overlap 
concentration, w*, for this polymer in toluene solutions 
may be estimated as i?g « 11.0 nm and w* ~ 3.1%, re- 
spectively. Therefore, for the viscoelastic and entangle- 
ment effects to be negligible, the concentrations employed 
in this work should not be much higher than 3.1%. Five 
polystyrene/toluene solutions below w* and one slightly 
above w* wese prepared gravimetrically as described by 
Zhang et al.cJ. To assure the homogeneity of the mixture, 
the solutions were agitated (magnetic stirrer or shaking 
by hand)for at least one hour before further use. 

The light-scattering experiments were performed 
with an apparatus specifically designed for small-angle 
Raylcigh scattering in an horizontalJluid layer subjected 
to a vertical temperature gradicntllj. A diagram of the 
optical cell is shown in Fig. |l|. The following paragraphs 
will describe the apparatus in detail, and references to 
the symbols in Fig. |l] will be used. The polymer solu- 
tion in the actual light-scattering cell (E) is confined by 
a circular quartz ring (D) that is sandwiched between top 
and bottom copper plates (A and F, respectively). The 
cell is filled through two stainless steel capillary tubes 



(G) which had been soldered into holes in the top and 
bottom plates. The inner and the outer diameters of the 
quartz ring (D) are 1.52 cm and 2.05 cm, respectively. 
Two identical optical windows (B) arc used for letting a 
laser beam pass through the liquid solution. Both win- 
dows are cylindrical and made from sapphire because of 
the relatively high thermal conductivity of this material. 
The windows are epoxied into the centers of the top and 
the bottom copper plates bjt a procedure similar to the 
one described by Law et allEi. Once the optical windows 
are installed, the top and bottom copper plates are sealed 
against the quartz ring by indium 0-rings. To avoid heat 
conduction from the upper to the lower plate other than 
through the liquid, the two copper plates are held to- 
gether by teflon screws (not shown in the figure). The 
tension of these teflon screws was adjusted to set the flat 
surfaces of the optical windows parallel to within 10 sec- 
onds of arch. This was accomplished by passing a laser 
beam through the cell and monitoring the interference 
pattern of the reflected beams from the inner surfaces 
of the windows while the screws were fastened. Once 
the cell was mounted, the distance d between the win- 
dows was accurately determined by measuring the angu- 
lar variation of these interference fringes. The result was 
d = (0.118±0.005) cm. This value was confirmed by also 
measuring the separation with a cathetometer. 

Since the nonequilibrium enhancement of the fluctua- 
tions given by Eq. (|^) depends on /c^^, small scattering 
angles are required to obtain measurable values of Ac] in 
practice scattering angles 9 between 0.4° and 0.9° were 
used. A major difficulty with such small-angle experi- 
ments is the presence of strong static scattering from the 
optical surfaces. To reduce the background scattering, 
we needed very clean windows. The optical surfaces of 
the windows and the other optical components of the ex- 
perimental arrangement were cleaned by applying first 
a Windex solution and then acetone with cotton swabs. 
Moreover, we employ thick cell windows to remove the 
air-window surfaces from the field of view of the detec- 
tor. In addition, the outer surface of the windows and 
the other optical surfaces were broad-band (488-623 nm) 
anti- reflection coated (CVI Laser Corporation) , to reduce 
the back reflections and forward scattering intensity. As 
a result of these efforts, we obtained high enough signal 
to background ratios to allow accurate measurements of 
the scattered-light intensities. 

To observe the intrinsic nonequilibrium fiuctuations, 
it is essential to avoid any convection in the liquid layer. 
This is accomplished by heating the horizontal fluid layer 
from above. Furthermore, bending and defocusing of the 
light beam due to the refractive-index gradient induced 
by the temperature gradient could cause serious limita- 
tions in the resolution of the angles. This difficulty is 
avoided by employing a vertical incident light beam, par- 
allel to the temperature gradient. To eliminate stray de- 
flections caused by air currents near the cell, the whole 
assembly is covered by a plexiglass box with a small hole 
at the top to let the laser beam pass through. 



The temperature at the top plate was maintained by 
a computer controlled resistive heater winding (C). The 
temperature at the bottom plate is controlled by circu- 
lating constant-temperature fluid from a Forma Model 
2096 bath through channels in the base of the cell (I), 
which is in good thermal contact with the bottom plate. 
With these devices, the temperatures of both the hot 
and cold plates can be held constant to within ±20 mK. 
These temperatures remain fixed over the collection time 
of any experimental run. Temperatures of both plates 
are monitored by thermistors inserted in holes (H) next 
to the sample windows and deep enough to be located 
very close to the liquid layer. Due to the relatively high 
thermal conductivity of the sapphire windows and the 
symmetry of the arrangement, the lateral temperature 
gradients are small. Numerical modeling of the thermal 
conduction process yields negligible differences between 
the measured temperature gradient and the actual tem- 
perature gradient between the windows. 

A coherent beam (A = 632.8 nm) from a 6 mW stabi- 
lized cw He-Ne laser is focused with a 20 cm focal length 
lens onto the polymer solution in the scattering cell. The 
scattering angle, 9 is selected with a small pinhole (500 
/im) located 197 mm after the cell. The collecting pinhole 
is placed in a plane orthogonal to the transmitted beam. 
The distance between the point where the beam hits the 
collection plane and the pinhole was carefully measured 
with a vernier micrometer scale. 

rthe original light-scattering experiments of Law et 
in NESS of a one-component liquid, the scatter- 
ing wave number, k, was determined from equilibrium 
light-scattering measurements and the known value of 
the thermal diffusivity, Dt- In the present experiments 
we have determined k by directly measuring the scatter- 
ing angle 9. Since the intensities of the nonequilibrium 
fluctuations depend on fc~*, the measurement of k has 
to be done with considerable accuracy. By working out 
the ray tracing problem, taking into account refraction 
at the two window surfaces, we can deduce the scatter- 
ing angle, 9, from the location of the pinhole relative 
to that of the transmitted beam For this calculation the 
thickness of the bottom window, the distance from the 
window to the collecting plane, the refractive index of 
the window and the refractive index, n, of the solution 
are needed. It was assumed that the scattering volume 
is in the middle of the cell, but since the cell is very thin 
the possible corrections to this assumption are negligi- 
ble. The distances were measured with an accuracy of 
±0.05 cm. The value 1.7660 of the refractive index of 
the window at the wavelength A of the incident light was 
obtained from the manufacturer. The refractive index, n, 
of the polystyrene solutions as a function of the polymer 
concentration at 25°C was measured with a thermastated 
Abbe refractometer as described by Zhang et al.Eil. For 
the polystyrene solutions considered in the^resent paper 
the refractive index can be represented byn3: 

n{w) = 1.490 49 + 0.092 20 ■ w + 0.025 56 • w^. (14) 
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The scattering wave number k is related to the scattering 
angle 9 through the Bragg condition k = ^^sin(0/2), 
where A is the wavelength of the incident light. Taken 
into account the experimental errors in the different mag- 
nitudes relevant to the calculation, we were able to de- 
termine k with an accuracy of 1.5%. 

As discussed in section II, we want to investigate 
the concentration fluctuations, which yield the dominant 
contribution to the Rayleigh spectrum. Since typical de- 
cay times for this mode at the small angles employed 
are always larger than 0.5 s, we are interested in the ex- 
perimental correlograms for times starting around 10~^ 
s. Since this value is well above the region where photo- 
multiplier (PM) afterpulsing effects are important, unlike 
in previous workO'Ej, cross-correlation was not necessary 
for our measurements. This simplifies the experimental 
arrangement. The light exiting through the pinhole is 
focused, through corresponding optics, onto the field se- 
lecting pinhole in front of a single PM. The signal from 
the PM and the corresponding discriminator is analyzed 
with an ALV-5000 multiple tau correlator. 



IV. EXPERIMENTAL PROCEDURE AND 
EXPERIMENTAL RESULTS 

Rayleigh-scattering measurements were obtained for 
six different solutions of polystyrene in toluene, with con- 
centrations w in weight fraction ranging from 0.50% to 
4.00%. For each solution, the measurements were per- 
formed at three to five scattering angles, ranging from 
0.4° to 0.9°, which corresponds to scattering wave num- 
bers k ranging from 900 cm~^ to 2000 cm~^. These small 
angles cause the stray light from window-surface scatter- 
ing to be dominant, assuring that the measurements are 
in the heterodyne regime. Hence, the light scattered from 
the inner surfaces of the windows plays the role of a local 
oscillator and provides the background with which our 
signal, the light scattered from the polymer solution, is 
mixed. 

Before starting the experiments, the light-scattering 
cell was carefully cleaned by fiushing the cell with pure 
toluene for at least one hour. Next, a gentle stream of 
nitrogen gas was continuously directed through the cell 
to dry the inner walls and to remove dust particles. After 
this cleaning procedure the polymer solution was intro- 
duced into the cell through a 0.5 fim millipore Millex 
HPLC tefion filter. We have been careful to remove bub- 
bles from the light-scattering cell while we were filling it 
with the polymer solution. This cleaning and filling pro- 
cedure was repeated each time the concentration of the 
solution inside the cell was changed. 

It should be noted that a portion of the same polymer 
solution was introduced into an optical beam-bending cell 
for measuring the diffusion coefficient, D, and the Soret 
coefficient, St, of the solutions as described by Zhang et 
al.cJ. These independent measurements of the diffusion 



and Soret coefficients will be used to compare the results 
of our light-scattering measurements with the theoretical 
predictions. In the case of polymer solutions it is espe- 
cially important to have independent measurements of 
these quantities for the same polymer/solvent system be- 
cause, as commented below, there is a sizable dispersion 
in the literature data, mainly caused by the dependence 
of these coefficients on parameters difficult to control, 
such as the polydispersity of the sample. 

Once the cell was filled with a polystyrene solution 
with known polymer concentration, we started the ex- 
periments by setting the temperature of the top and the 
bottom plates of the cell at 25°C. A light-scattering an- 
gle was then selected with the collection pinhole, and 
the distance in the collection plane between the pinhole 
and the center of the transmitted forward-beam spot was 
measured accurately. As already mentioned, this proce- 
dure, with the corresponding calculations, yielded scat- 
tering wave vectors k with an accuracy of 1.5%. Once a 
scattering angle was selected, the optics was arranged to 
focus the light exiting through the collecting pinhole into 
the field-stop pinhole at the PM. When the temperature 
of the polymer solution had stabilized, we used the ALV- 
5000 to collect at least ten equilibrium light-scattering 
correlation functions, with the polymer solution in ther- 
mal equilibrium at 25°C. The photon count rate of these 
measurements ranged from 0.3 to 2.5 MHz, depending 
on the run. Each correlation lasted from 30 to 60 min- 
utes, with signal to background ratios from 1 x 10~^ to 
1 X 10""^. These small signal to background ratios confirm 
that our measurements are in the heterodyne regime. Af- 
ter having completed the measurements with the polymer 
solution in thermal equilibrium, we applied various val- 
ues of the temperature gradient to the polymer solution 
by increasing and decreasing the temperatures of the top 
and bottom plates symmetrically, so that all experimen- 
tal results correspond to the same average temperature 
of 25° C. The maximum temperature difference employed 
was 4.1°C, which corresponds to a maximum tempera- 
ture gradient of 34.6 K cm~^. The variation in the ther- 
mophysical properties of the solutions is negligible in this 
small temperature interval, and the property values cor- 
responding to 25° C have been used for the calculations. 
After changing the temperatures, we waited at least two 
hours, to be sure that the concentration gradient was 
fully developed. Then, for each value of the tempera- 
ture gradient, about six correlograms were taken. In Fig. 
^, typical experimental light-scattering correlograms, ob- 
tained with the ALV-5000 correlator at fc = 1030 cm~^ 
are shown for the solution with polymer mass fraction 
w = 2.50%, as a function of the temperature gradient 
Vr. The figure shows the well sampled amplitude of the 
correlation at short times for the correlograms. A simple 
glance at Fig. ^ confirms that the amplitude of the cor- 
relation function increases with increasing values of the 
temperature gradient VT. 

The correlograms, in the range from 10^^ s to 1 s, de- 
pending on the run, were fitted to a single exponential, in 
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accordance with Eq. (^. In all cases, both in equilibrium 
and in nonequilibrium, very good fits were obtained. Ac- 
tually, the intensity of the scattered light is observed over 
a range of wave numbers corresponding to the non-zero 
aperture of the collecting pinhole. This effect can be ac- 
counted for by representing the experimental correlation 
function in terms of a Gaussian convolution, as explained 
in previous publicationaj'tj. However, we found that the 
resulting corrections to the parameter values obtained 
from fits to a single exponential amounted to less than 
1% for the present experiments and could be neglected. 
Hence, experimental values for the decay rate, Dk^, and 
for the prefactor Co[l -I- Ac{k, VT)] were obtained by di- 
rectly fitting the time-correlation function data of the 
scattered light to a single exponential, as given by Eq. 
(i- 

The experimental values obtained for the decay rates, 
Dk^, for the polymer solutions at various values of the 
scattering wave number k and the temperature gradient 
VT are presented in Table ^ Each value displayed in 
Table | is the average from several (at least five) exper- 
imental correlograms obtained at the same conditions. 
The prefactor of the exponential obtained from the fitting 
procedure was multiplied by the average count rate dur- 
ing the run to get the average intensity (in 10^ counts/s) 
in each run. The dimensionless enhancement, Ac, of the 
concentration fluctuations at a given nonzero value of 
VT was obtained from the ratio of the nonequilibrium to 
the equilibrium intensities, measured at the same k, by 
means of Eq. (^ . The experimental values obtained for 
Ac are presented in Table |l[ Again, each value displayed 
m Table II is an average of several correlograms measured 
at the same conditions. The uncertainties quoted in Ta- 
bles I and H represent standard deviations of the values 
obtained from the sets of experimental correlograms. 



V. ANALYSIS OF EXPERIMENTAL RESULTS 

A. Mass-diffusion coefficient D 

Dividing the decay rates displayed in Table | by the 
square of the known wave numbers, a mass-diffusion co- 
efficient, D, is obtained for each w, k and VT. As an 
example, we show in Fig. ^ the values of D thus obtained 
for the polymer solution with w = 0.50% obtained from 
the light-scattering measurements at various values of the 
wave number fc, as a function of the applied temperature 
gradient VT. The horizontal line in Fig. ^ represents 
the weighted average value of £). It is readily seen that 
the experimental D is independent of VT, which implies 
that the applied temperature gradient does not affect the 
translational diffusion dynamics of the polymer molecules 
and that we indeed observed concentration fluctuations 
for all VT. Figure ^ also demonstrates that D is inde- 
pendent of the wave number k. Thus the decay rates in 
Table | are indeed proportional to k^ , which confirms the 



correctness of our measurements of k. For each concen- 
tration we determined a simple value of D as an average 
of the experimental data obtained at various k and VT. 
In the averaging process the individual accuracies were 
taken into account. The resulting values of D for the dif- 
ferent polymer solutions are presented in Tabic [H and 
displayed in Fig. ^ as a function of the polymer concentra- 
tion. For this purpose we prefer to use the concentration 
c in g cm~'^, because this unit is more widely employed 
in the literature for polymer solutions. To change the 
concentration units we used the relationship: 

p{w) = 0.86178 + 0.1794 w + 0.0296 (g cm"^), (15) 

as reported by Scholteiil. The error bars in Fig. ^ have 
been calculated by adding 3% of the value of D to the 
standard deviations given in Table HI, so as to account 
for the uncertainty in the wave number k. In Fig. ^ we 
have also plotted the values obtained by Zhang et al. 
for the collective diffusion coefRcient of the same poly- 
mer solutions with an optical beam-bending techniquco. 
This figure shows that the values obtained from the two 
methods for the diffusion coefficient agree within the ex- 
perimental accuracy. The straight line displayed in Fig. 
W represents the linear relationship: 



D{c) = Doil + kD c). 



with the values 



Do = (4.71 ±0.1 



X 10" 



and 



ko = (22 ± 2) cm^g" 



(16) 



(17a) 



(17b) 



for the diffusion coefficient at infinite dilution, Dq, and 
the hydrodynamic interaction parameter, kjj, as deter- 
mined by Zhang et alEj for the polymer solution with 
the same molecular mass Mw = 96, 400. It may be ob- 
seciffid that the Dq and ko values proposed by Zhang et 
al.O yield a satisfactory description of the dependence of 
our D values on the concentration. 

An extensive survey of literature values for 
Dq and k]j of polystyrene in toluene solutions 
was pprfnrpipH ^tiH ^^^^|, diffpT-pnt references were 
examinedHeaNe-me-m. Most authors have 
studied the molecular weight dependence of these pa- 
rameters and propose relationships which usually have 
the form of power laws. The results of our survey are 
presented in Table In some cases where the scaling 
equations are not directly given by the authors, we have 
performed the corresponding fits to obtain the power- 
law dependence of Dq and fc^ on Mw- AH data in Table 
IV correspond to polystyrene in toluene at the temper- 
ature of 25°C. While ku should be nearly independent 
of temperature because toluene is a good solventcj, Dq 
depends on temperature through a Stokes-Einstein re- 
lation. Neglecting the dependence on temperatpie of 
the hydrodynamic radius of polystyrene in toluenelil, we 
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represent the dependence of Do on the temperature, T, 
by: 



Do cx 



(18) 



where r/o (T) is the viscosity of the pure solvent (toluene) 
as a function of temperature which can be found in the 
literaturey. Equation (^8|) was used for making tem- 
perature corrections in cases where the values of Dq re- 
ported in the literature had been measured at tempera- 
tures other than 25°C. Furthermore, we did not consider 
literature values measured at temperatures more than 
±10 K from 25°C. The sixth column of Table Irvl con- 



tains the values extrapolated to My/ = 96,400, from the 
Dq — Mw and ku — Mw relationships shown in the second 
column of the same table. From the information in Table 
we conclude that Do = (4.91 ± 0.22) x 10""^ cm^ s^^ 
and kn = 21 ± 5 cm^ g~^, to be compared with the val- 
ues Do = (4.71 ± 0.08) X lO-'^ cm2 s'^ and fc^, = 22 ± 2 
cm'^ g~^ quoted in Eq. ( p^ ) and adopted by us. Note 
that standard deviations of the extrapolated values for 
Do and kjj from the literature are ±4.7% and ±22%, 
respectively. The corresponding spread of the literature 
values of D is indicated by the two dashed lines in Fig. 
^. The upper line was calculated by taking for Do and 
kn the literature averages plus their standard deviations; 
the lower line was calculated by taking for Dq and kjj the 
literature averages minus their standard deviations. 



B. Nonequilibrium enhancement Ac of the 
concentration fluctuations 

Having confirmed the validity of our experimental re- 
sults for the decay rates, we now consider the nonequilib- 
rium enhancements, Ac(VT, fc), of the concentration fluc- 
tuations reported in Table ||. As can be readily seen, the 
nonequilibrium enhancements show a dramatic increase 
with increasing temperature gradients. The experimen- 
tal values obtained for the enhancement are plotted in 
Fig. 1^ as a function of (VT)^/fc'', for the six polymer so- 
lutions investigated. The results of a least-squares fit of 
the experimental points to a straight line going through 
the origin are also displayed. The information presented 
in Fig. ^ confirms that, in the range of scattering wave 
vectors investigated, the nonequilibrium enhancement of 
the concentration fiuctuations is indeed proportional to 
{Vry/k^ in accordance with Eq. (Q). 

The slope of the lines in Fig. ^ yields experimental val- 
ues for the strength of the enhancement, A*(w), listed in 
Table 0. To compare the experimental results with the 
theoretical prediction, Eq. (^, we need several thermo- 
physical properties of the solutions, namely: the concen- 
tration derivative of the difference in the chemical poten- 
tials per unit mass, {d^/dw)p^T, the zero-shear viscosity, 
ij, the mass-diffusion coefficient, D, and the Soret coeffi- 
cient, St- 



a) The derivative of the difference in chemical poten- 
tials was-calculated from its relationship with the osmotic 
pressureeS, H, which, for the small concentrations used 
can be simplified to: 



dp 
dw 



P,T 



1 

pw 



dU 

dw 



(19) 



P,T 



Values for the concentration derivative of the osmotic 
pressure of the solutions, were obtained from the exten- 
sive work of Noda et alEsa. Specifically, the universal 
function: 



dU 

dc 



P,T 



RT 
Mw 



3 / S^/tt c 
4^4 c* 



(20) 



represents the behavior of this property from the very 
dilute to the concentrated regime. The overlap con- 
centration, c* = 0.0272 g cm~^, was calculated, as in 
section .in, .from the correlations proposed by the same 
authorsElB. 

6^ To calculate the zero-shear viscosity, we employed 
the Huggins relationship: 



7] = 770(1 + [r]]c + kii[7]] 



(21) 



where 770 is the viscosity of the pure solvent, for which 
the value 552.7 mPa-s was taken, [rf\ is the intrinsic 
viscosity of polystyrene in toluene and /ch the Hug- 
gins coefficient for the same system. The iajtsinsic vis- 
cosity was obtained from the correlational: [77] = 
9.06 lO-^Mj^'^" (cm^ g-i). For the-jEiaggins coefficient, 
the usual value in a good solventc3c3, fcn = 0.35, was 
adopted; no molecular weight dependence has been re- 
ported in the literature for fcjj- 

c) Values for the collective mass-diffusion coefficient, 
£), of our solutions were presented in the previous sec- 
tion, when analyzing the decay rates of the correlograms. 
They are displayed in Table IH. For a continuous repre- 



sentation of D as a function of concentration we use Eq. 
(|l6|), with the parameters given by Eq. ([l7|). 

d) Soret coefficient, ST^ was measured by Zhang 
et al.Ej for the same solutions used in our light-scattering 
experiments. It is worth noting that the Soret coefficients 
measured by Zhang et al. agree, within experimental er- 
ror, with other recent St Jialues for polystyrene in toluene 
reported in the literatureCj. Since the strength of the en- 
hancement depends on the square of the Soret coefficient, 
we need a good continuous representation of these data 
to make a theoretical prediction of A*^ as a function of the 
concentration. We assume that St scales as the inverse 
of I?, as rationalized by Brochard and de Genneali-iand 
use a relationship proposed by Nystrom and Rootsc3and 
used successfully in Zhang, et al.O for thcpdiffusion coef- 
ficient and Soret coefficient. The equationllll for St is 



St — Sto 



(1 



l + AsXsil + XsY 



(22) 
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where A 



and B 



'^'^^ are exponents evalu- 



(Sf-l) ""^^^ ~ (3J/-1) 

ated with v = 0.588, Xs = rs{ksc) is a scahng variable, 
and As = A + r^^. The virial constants Sto and ks are 
defined by making a series expansion of Eq. (^2|) around 
c = to give St = Sto{^ — ksc) + • • •, where ks is the 
first virial coefficient of St- 

We used the values of fcg-p 24 cm'^ g~^ and Sto = 0.24 
found by Zhang et al.EJ for this molecular weight and 
then did a weighted, least-squares fit to the concentration 
dependent St data of Zhang et al. to find a value of rg. 
We find rs — 1.16 ± 0.07. Equation (|2|) gives an excel- 
lent representation of the experimental Soret coefficient 
data, as shown in Fig. ^. 

In Fig. 1^ we present a comparison between the ex- 
perimental values for the nonequilibrium-enhancement 
strength, A* , and the values calculated form Eq. (|^) with 
the information for the various thermophysical properties 
as specified above. The error bars associated with the ex- 
perimental data displayed in Fig. ^ have been calculated 
by adding 6% to the statistical errors quoted in Table 
so as to account for a 1.5% uncertainty in the values 
of the wave number k. The theoretical values have an 
estimated uncertainty of at least 5%. Taking into ac- 
count these uncertainties, we conclude that the observed 
strength of the nonequilibrium concentration fluctuations 
is in agreement with the values predicted on the basis of 
fluctuating hydrodynamics in the concentration range in- 
vestigated. 



VI. CONCLUSIONS 

The existence of long-range concentration fluctuations 
in polymer solutions subjected to stationary temperature 
gradients has been.iy.rifipd experimentally. As in the case 
of liquid mixturestjua, the nonequilibrium enhance- 
ment of the concentration fluctuations has been found to 
be proportional to (VT)^/fc*. 

Unlike the case of liquid mixturesOEfro, good agree- 
ment between the experimental and theoretical values 
for the strength of the enhancement of the concentra- 
tion fluctuations, A*, has been found here. This indi- 
cates the validity of fluctuating hydrodynamics to de- 
scribe nonequilibrium concentration fluctuations in di- 
lute and semidilute polymer solutions. Further theoreti- 
cal and experimental work will be needed to understand 
nonequilibrium concentration fluctuations in polymer so- 
lutions at higher concentrations. 

Our present results complement the considerable the- 
oretical and experimental progress recently made in un- 
derstanding the dynamics of concentration fluctuations 
of polymer solutions under shear flow. It has been 
demonstrated that concentration fluctuations in semidi- 
lute polymer solutioips.suhiected to shear flow are also en- 
hanced dramaticallyC3ol£j. This enhancement of the in- 
tensity of the concentration fluctuations in shear-induced 
NESS, is similar to the enhancement reported here, when 



the NESS is achieved by the application of a stationary 
temperature gradient. On the other hand, the long-range 
nature of the concentration fluctuations when a concen- 
tration gradient is present, has also recently been ab.- 
served in a liquid mixture by shadowgraph techniquesEil, 
yielding additional evidence of the interesting nature of 
this topic. 
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TABLE I. Experimental decay rates Dk^ (in s measured at different concentrations w, tem- 
perature gradients VT and scattering wave numbers k 



w 


k 


VT=0.0 


VT=8 


.5 


VT=12.7 


VT=15.8 


VT=16.9 


VT=21.8 


VT=29.1 


VT=34.6 




1 , 

(cm-1) 


(K cm~^) 


(K cm" 




(K cm-l) 


(K cm^^) 


(K cm"^) 


(K cm"^) 


(K cm"^) 




0.50% 


1318 


0.88±0.07 








0.90±0.05 






0.82±0.07 


0.97±0.06 




1538 


1.22±0.10 








1.25±0.12 






1.18±0.06 


1.23±0.06 




1757 


1.62±0.10 








1.57±0.08 






1.64±0.07 


1.62±0.04 




1977 


2.03±0.09 
















1.99±0.11 


1.00% 


1318 


1.00±0.06 






0.98±0.07 








0.98±0.07 


1.00±0.06 




1538 


1.4 ±0.3 






1.34±0.06 






1.34±0.05 








1757 


1.84±0.08 








1.85±0.09 




1.87±0.08 


1.80±0.12 






1977 


2.28±0.10 






2.30±0.12 






2.28±0.09 


2.21±0.14 


2.34±0.12 


1.50% 


1318 


1.09±0.10 








1.13±0.07 




1.12±0.04 


1.14±0.06 






1538 


1.46±0.09 








1.45±0.08 




1.42±0.15 


1.49±0.08 






1757 


1.99±0.12 








1.99±0.11 




1.96±0.09 


2.03±0.10 






1977 


2.49±0.14 








2.54±0.14 






2.47±0.09 


2.44±0.12 


2.00% 


872 


0.52±0.06 


0.49±0, 


,03 


0.46±0.02 




0.50±0.02 










1392 


1.29±0.07 


1.32±0, 


.03 


1.28±0.06 




1.18±0.08 


1.22±0.14 








1538 


1.60±0.24 








1.64±0.10 




1.62±0.08 


1.62±0.06 


1.66±0.11 




1757 


2.09±0.11 








2.11±0.10 




2.14±0.07 


2.06±0.10 


2.24±0.14 




1977 


2.58±0.10 








2.57±0.08 




2.63±0.08 


2.60±0.14 


2.72±0.11 


2.50% 


1030 


0.75±0.04 


0.72±0, 


,04 


0.75±0.02 




0.78±0.06 


0.73±0.06 








1350 


1.43±0.15 


1.32±0, 


,05 


1.35±0.11 




1.30±0.04 


1.33±0.07 








1880 


2.66±0.07 


2.50±0. 


,11 


2.67±0.12 




2.68±0.14 


2.53±0.12 






4.00% 


1353 


1.61±0.16 


1.59±0, 


.09 


1.50±0.07 




1.49±0.07 


1.57±0.09 








1525 


1.92±0.14 


1.91±0, 


.13 


1.91±0.09 




1.92±0.15 


1.99±0.08 








1854 


2.86±0.10 


2.96±0, 


.10 


3.11±0.18 




3.07±0.08 


2.79±0.18 








2025 


3.42±0.15 


3.31±0, 


.20 


3.41±0.13 




3.23±0.05 


3.30±0.10 







TABLE IL Experimental nonequilibrium enhancements, Ac, measured at different concentra- 



tions w, temperature gradients VT and scattering wave numbers k 



w 


k 


VT=8.5 


VT=12.7 


VT=15.8 


VT=16.9 


VT=21.8 


VT=29.1 


VT=34.6 




(cm-1) 


(K cm-1) 


(K cm-1) 


(K cm-1) 


(K cm-1) 


(K cm-1) 


(K cm-1) 


(K cm-1) 


0.50% 


1318 






1.28±0.17 






6.0±0.5 


8.12±0.3 




1538 






0.78±0.11 




2.32±0.18 




4.53±0.15 




1757 






0.41±0.04 




1.11±0.06 




2.69±0.07 




1977 














1.17±0.07 


1.00% 


1318 




2.58±0.10 






8.1±0.7 




16.0±1.0 




1538 




1.10±0.19 






4.2±0.3 








1757 






0.87±0.08 




2.07±0.08 


3.31±0.13 






1977 




0.30±0.07 






1.30±0.05 


2.02±0.14 


2.94±0.08 


1.50% 


1318 






3.47±0.17 




7.7±0.4 


12.5±0.8 






1538 






1.80±0.11 




4.4±0.3 


6.8±0.4 






1757 






1.10±0.09 




2.59±0.10 


4.29±0.12 






1977 






0.73±0.07 






2.87±0.12 


3.71±0.19 


2.00% 


872 


6.7±0.4 


15.2±0.3 




27.3±1.2 










1392 


1.08±0.08 


2.20±0.12 




3.84±0.22 


7.3±0.3 








1538 






1.86±0.13 




4.70±0.24 


7.5±0.3 


10.8±0.7 




1757 






1.11±0.07 




2.82±0.24 


3.66±0.25 


5.85±0.35 




1977 






0.59±0.04 




1.55±0.08 


2.41±0.11 


3.85±0.10 


2.50% 


1030 


2.9±0.3 


8.1±0.5 




13.8±0.8 


20.7±2.1 








1350 


1.16±0.06 


2.71±0.15 




4.74±0.11 


7.6±0.3 








1880 


0.37±0.08 


0.97±0.15 




1.5±0.4 


2.5±0.3 






4.00% 


1353 


1.20±0.17 


3.04±0.17 




5.3±0.3 


8.61±0.22 








1525 


0.78±0.04 


1.74±0.08 




3.24±0.19 


5.06±0.21 








1854 


0.48±0.09 


0.94±0.08 




1.73±0.14 


2.30±0.11 








2025 


0.24±0.03 


0.64±0.12 




1.05±0.04 


1.59±0.04 
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TABLE III. Collective mass-diffusion coefficient mea- 
sured by equilibrium and nonequilibrium light-scattering of 
polystyrene {Mw = 96400) in toluene at 25° C. 



w (%) c (g cm-=^) D (10"'' cm-^ s~^) 

0.50 0.00431 5.19±0.04 

1.00 0.00864 5.83±0.03 

1.50 0.0130 6.36±0.04 

2.00 0.0173 6.71±0.05 

2.50 0.0217 7.23±0.06 

4.00 0.0348 8.29±0.16 
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TABLE IV. Mass-diffusion coefficient at infinite dilution {Do, in cm^ s~^) and hydrodynamic 
interaction parameter (ko, in cm^ g"^) of polystyrene in toluene at 25°C, obtained from various 
literature sources. 



Relationship 


Mn^ range 
flO' e mol"'") 


# of 
samples 


IVlCllIUU 

(Year) 


XZiAliapuiaLCU al 

Mw = 96,400 
(10' cmV) 


iX.CiCICllL'C 


Do = 0.902x1 0-'*M;°-*'^^ 


1.1-2.0 


2 


DLS (1974) 


4.83 


32 


Do = 3.935x10"* M 


1.2-360 


17 


DLa (1980) 


5.24 


33 


Do = 2.524x10-* M;"-'"' 


0.51-21 


1 1 
1 i 


rUl (iyoZ) 


< no 




Do = 2.001x10"* m;°-'^* 


0.80-38 


5 


DLS (1983) 


4.69 


35 


Do = 4.115x10"* M;°-^'^ 


13-210 


5 


DLS (1984) 


4.59 


36 


Do = 3.021x10"'' M^-^^^ 


2.4-55 


5 


DLS (1984) 


4.91 


37 


Do = 3.676x10"'' M^-^'^^ 


0.30-4.2 


4 


DLS (1985) 


4.84 


38 


Do = 2.271x10"'' M^-^^ 


1.8-7.1 


2 


DLS (1990) 


5.18 


39 


Do = 3.041x10"" M^-^^ 


0.06-4.1 


3 


FRS (1995) 


4.70 


40 


Do = 2.190x10"'' M;°-^^ 


0.03-38 


7 


OBB (1999) 


5.00 


24 




Average ± standard deviation: 


4.91 ± 0.22 




Relationship 


Mw range 


#of 


Method 


Extrapolated 


Reference 


(10' g mol ') 


samples 


(Year) 


at Mw = 96,400 




^D = 2.119x10"^ M°*°* 


1.1-2.0 


2 


DLS (1974) 


22.0 


32 


ku = 2.433x10"' M^'^^ 


0.80-38 


5 


DLS (1983) 


15.3 


35 


= 2.522x10"^ M°-*" 


13-210 


5 


DLS (1984) 


27.6 


36 


ku = 7.369x10"^ M°"' 


2.4-55 


5 


DLS (1984) 


Zo.z 


11 

3 1 


feo = 2.422x10"* M°-'" 


0.30-4.2 


4 


DLS (1985) 


18.0 


38 


ko = 7.573x10"' 


1.8-7.1 


2 


DLS (1990) 


23.4 


39 


;tD = 6.971x10"' M^^'' 


0.06-4.1 


3 


FRS (1995) 


19.0 


40 


/i:D = 4.200x10"* M"'^ 


0.03-38 


7 


OBB (1999) 


18.1 


24 




Average ± standard deviation: 


21+5 





DLS: Dynamic Light Scattering. FDI: Free Diffusion Interferometry. 
FRS: Forced Rayleigh Scattering. OBB: Optical Beam Bending. 
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TABLE V. Observed strength of the nonequilibrium en- 
hancement of the concentration fluctuations in solutions of 
polystyrene in toluene at 25° C. 



w (%) c (g cm-3) Al (10^° K-^ cm-^) 

0.50 0.00431 2.03±0.07 

1.00 0.00864 4.00±0.10 

1.50 0.0130 4.77±0.06 

2.00 0.0173 5.10±0.12 

2.50 0.0217 5.41±0.08 

4.00 0.0348 5.93±0.07 
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FIG. 3. Collective mass-diffusion coefficient D of 
polystyrene {Mw ~ 96, 400, w = 0.50%) in toluene deduced 
from the decay rates of the concentration fluctuations at var- 
ious values of k and VT. The horizontal line represents the 
average value D = (5.19 ± 0.04) x lO"'^ cm^ s"\ 



FIG. 1. Schematic representation of the optical cell for 
small-angle Rayleigh scattering. A: top plate. B: sapphire 
windows. C: resistive heater. D: fused quartz ring. E: sample 
liquid layer. F: bottom plate. G: filling tubes. H: thermistors. 
I: water circulation chamber. 
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FIG. 2. Normalized experimental light-scattering correla- 
tion functions, obtained at fc = 1030 cm~^ for a solution of 
polystyrene {Mw = 96, 400, w = 2.50%) in toluene subjected 
to various temperature gradients, VT, plotted versus log(t). 




c (g cm" ) 



FIG. 4. Collective mass-diffusion coefficient D as a 
function of concentration for polystyrene/toluene solutions 
{AIw = 96,400). •: measured in this work by equilibrium 
and nonequilibrium Rayleigh light scattering. □: measuijed 
by Zhang et al. al. with an optical beam-bending techniques. 
The straight line represents Eq. (|l^). The dashed lines rep- 
resent the limits over which the literature values are spread. 
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FIG. 6. Experimental values of the Soret coefficient of 
polystyrene {Mw = 96, 400) in toluene at 25° as a function of 
polymer concentration c. The solid curve represents Eq. ( |2^ ) 
with ks = 24 cm^ g~^, Sto = 0.24 K~^, and rs determined 
by fitting to be rs = 1.16 ± 0.07 . 



FIG. 5. The amplitude of the nonequilibrium concentra- 
tion fluctuations in dilute and semidilute polystyrene/toluene 
solutions (Mw — 96,400) at 25° C and at various concentra- 
tions as a function of (Vr)^/fc*. The solid lines represent 
linear fits to the experimental data for each concentration 
with slope Ac given in Table 
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FIG. 7. Comparison of the measured values of the strength, 
Al, of the nonequilibrium enhancement of the concentration 
fluctuations (open circles) with the theoretical values (solid 
curve) calculated from Eq. (^). 
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